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Abstract—Analytical expressions for the relative sensitivities
in the parameters of a standard intrinsic FET small-signal model
with respect to deviations in the measuredS-parameters are
derived. This enables, in combination with a measurement un-
certainty model, the model parameter uncertainties to be studied
versus frequency. As a result, optimal, minimum uncertainty,
parameter extraction can be performed independent of the bias
voltage and without prior knowledge about the device frequency
behavior, thus making it suitable for implementation in automatic
multibias extraction programs.

The derived sensitivities are furthermore used to analytically
calculate the uncertainty in the S-parameter response of the ex-
tracted model in terms of the uncertainties in either the parame-
ters or the measurement it was extracted from.

Index Terms—FET, measurement errors, modeling, parameter
estimation, sensitivity, uncertainty, yield estimation.

. INTRODUCTION

OR MESFETs and high electron-mobility transistor:
(HEMTS), the procedure of extracting small-signal model
parameters is well established. Usually direct-extraction

methods are used [1]-[4].

In this paper, the intrinsic model parameter uncertainties are
analytically related to th&-parameter measurement uncertain-
ties using a sensitivity analysis. The model parameter uncertain-
ties are used to perform optimal, minimum uncertainty, param-
eter extraction without having prior knowledge about the device
frequency characteristics.

Also, the derived sensitivities are used in the opposite direc-
tion, i.e., to relate the uncertainty in the modelegarameter
response to either the model parameter uncertainties or to the
uncertainty in the measurement it was originally extracted from.
This gives information that, for example, can be used for design
yield estimation, which normally would require a separate sen-
sitivity analysis [7], [8] or a Monte Carlo simulation [9].

Il. SENSITIVITIES AND UNCERTAINTY ESTIMATION

The relative sensitivity, K, in a parameter: for relative

ghanges in, .95, is defined as

a,
z A 71: ox 511

S T 9S11 = 8511 T :
Sll
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During the extraction process the measurement uncertainties only depends 014, the relative change in can be related
will give rise to corresponding uncertainties in the model pae the relative change ifi;; using the sensitivity in (1)

rameters. The measurement uncertainties arise from limited dy-
namic range and accuracy of the measurement equipment, cali-

bration-standard accuracy and repeatability problems, etc.

Ax ~ ASll

T
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Nevertheless, little work has been reported on how to find the an FET modeling context the sensitivities may typically be
uncertainties with which the model parameters can be extractaded to calculate a relative change in the transconductance for a
In [5], King et al.give quantitative figures for the uncertaintyrelative change in the measured magnitud&nt
of intrinsic FET model parameters. Analytical expressions haveUsually, the model parameters depend on all meassired-
been used, but since only numerical figures are given at a sintfneters. Thus, when calculating the change, ithe contribu-
frequency and bias point, it is difficult to draw any general corions from allS-parameters must be considered and added. The

clusions from those results.

Walterset al. present in [6] experimental results for mea-
surement uncertainties and the resulting uncertainty in extracted
small-signal parameters. No details are given about the deriva-

tion of the model parameter uncertainties.

change iz can then be expressed in a compact form as

Ax « ASu
T Z Ks,, S,
vk, 1€{1,2} kl

o~

®3)

In fact, this represents a first-order Taylor series expansion of
x in terms of the complexX-parameters. It is, therefore, valid
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TABLE |
EXTRINSIC Y -PARAMETER SENSITIVITIES
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in S-parameter measurements. Hereafter, the approximatiorofrthe S-parameter variances
(3) is considered valid with equal sign used. 9 2 2

The measure§-parameters are complex variables. Thus, un- o = (K5)" 05 ©)
certainties may be expressed in terms of magnitude and phasere (K)? denotes taking the square of each individual ele-
deviations. Since every contribution must be added in the senent inK and
sitivity calculations, the deviation im will be expressed in the

2 _ 1.2 2 T
measureds-parameters as ox =loz, .. oz, ; (10)
2 2 2 2 2
Az A |Sw] 78 = [J|511| 975 7 1822l 9/sa ] (1)
—= Y K‘Skl'—lskzl +Kjg ALSu  (4)

vk le{1,2} lIl. PARAMETER SENSITIVITY CALCULATIONS

where it has been used that the magnitude and phase deviationghe uncertainties in the measureparameters will propa-
are usually specified in relative and absolute terms, respectivgfyie to the model parameters in the same way as the model pa-
Usually, more than one parameter is extracted fronb#pa-  ameters are extracted. Hence, the sensitivity analysis may be

rameters. The deviation in each of the model parameters canfgied out in parallel with the small-signal parameter extrac-
expressed in thé-parameters deviations using sensitivities 8%, to find their uncertainties.

shown in (4). All model parameter deviations can, therefore, bej, the extraction of most small-signal models, the first step is

collected in a single matrix equation to convert the measurettparameters into extrinsic-parame-
. z x AlS ters, e.g., by [10],
% K|5111| K[Szz A:Sﬁ} 9 by [19] 1 A g
=l o : (5) A P (12)
A.In K*» K*n ! A3 2521 AZ
T |Slll 1522 A1522 Where
or, simply,
Py Ay =(S11—1)(S22+ 1) — S12521 (13)
Ax = K)S(AS (6) AQ = (511 + 1) (522 - 1) - 512521 (14)
Az =(S11+1) (S22 + 1) — S12501. (15)

whereAx andAS contains theelative2 model- andS-param-
eter deviations, respectively (phase being in fact a relative méids then straightforward to derive all extrinsic-parameter sen-
sure of the arc length to the radius). With the absolute phagtivities using the definition in (1). The resulting sensitivities
deviations given in radians, it may be shown that the real maaye collected in Table I.

nitude and phase sensitivities are found from the same compleXJsually, a parasitic network that accounts for pad-, package-,

sensitivities in (3) andaccess-lineeffectssurroundstheintrinsicFET models[1],[3].
. . If the parasitic element values are known, e.g., from a
Kis,, =Re(Kg,,) (7)  cold-FET extraction, the intrinsid”-parametersY;, can be
'ZSH =—Im(Kg,,). (8) found using de-embedding techniques [1], [11].

In this paper, the parasitic element values are assumed to be
The measurement uncertainties are characterized by their sta¢igswn with high accuracy. The intrinsié-parameter sensitiv-
tical properties. If thes-parameter deviations are assumed to higes can then be derived from the extringieparameter sen-
normal-distributed having a zero mean and being uncorrelaiggyities. Our experience is, however, that the resulting differ-
makes it possible to use (6) to express the variancesriterms - ences between extrinsic and intrinsic sensitivities are small—es-

20bserve that in (6), and equations derived therefrom, the symbatsts ~ PECially ifthe influence of the device parasitic elements is small,
represent relative quantities. such as in on-wafer measurements.
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Ceu R, , TABLE I
~T—‘Gate l—/\ AN Drain__o INTRINSIC MODEL PARAMETER SENSITIVITIES
+
C,Tv . Parameter, x | Relative magnitude sensitivity, Kjs
@ - ! Y, Rdx - @ }'
R, i=g,ve’” Ri Sf’ /R
. ° Yo
Source Cos C, Im(_Ksu )
Fig. 1. High-frequency intrinsic FET small-signal model. ygd
Rj Skl /R
When the intrinsid”-parameters are found, the model param- Cea ngd Im( ng o )
eters are usually calculated analytically. Fig. 1 shows a com- Yd
monly used intrinsic small-signal model shown to be valid up to 8ads Re YdsKskf /g,,s
very high frequencies [3]. o _ Cy Im (Y, K% /a)Cds
The derivation of the model parameter sensitivities will be
shown only foiCy; andR;, butis similar forthe other parameters. &m Re(KY +RY, ( |S"”‘ + Kliifl ))
C,s and R; can be determined from the intrinsic admittance .
parametet T _Im(KYm +RY, (K|§ikl| +Kisl ))/ wt
JwClys
Y, =Y; Yito=—"2=—. 16
g 11+ Y12 1+ joC, R (16)

The absolute phase sensitivities are, as discussed in the previous
section, found by multiplying the complex sensitivitigg== in
Table Il with the imaginary unit.

Once the parameter sensitivities are known, their uncertain-
ties can be estimated in terms of theparameter uncertainties

The relative sensitivity it can then be related to tli&,; and
R; sensitivities by
Y,  OY r Ri  0Ygs o, Cgs
Skl - aRL KSM Ygs ans KS“ Ygs .

Evaluating the partial derivatives yields after some simplificatiéﬁéng ©)-

17

C,
K — KRy R4 Yo K 18 IV. M ODEL PARAMETER UNCERTAINTY
Sk T Spi1 98 C . ( ) ) )
JwCgs Measurements on an HEMT device are used together with an

Since the sensitivities in the real model parametéjs,andR;, S-parameter measurementuncertainty model to estimate the un-
also must be real, their sensitivities can be identified from tleertainty in the extracted parameter values. The transistor used

real and imaginary parts of (18) is made in OMMIC’s DO1PH GaAs processand was mea-
Vo sured with a 50-GHz Agilent 8510C vector network analyzer
Re <_ YSA;' > (VNA) using coplanar probes. Measurements made in the satu-
Ké'il - gk (19) rated region, used for maximum gain, are used to demonstrate
R; the uncertainty calculations.
Cye K;V;{j The parasitic elements were initially determined with the
Kgy =wCysIm Y, (20)  cold-FET method [1], [3]. Two of the intrinsic model param-

eters,g,, and R;, are studied, where,,, is normally easy to
The complete list of parameter sensitivities with respect to magktract wherea®; has a significant contribution only at higher
nitude deviations is collected in Table Il where the admittanggequencies and therefore is more difficult to extract. The
parameters are defined as frequency dependence of these parameters is shown in Fig. 2.
As is apparent from Fig. 2, the relative variationsin are

Yoo =Yinn + Yine @) ch larger than those i3, making it difficult to decide which

Yis =Yoo + Vi (22)  yalue is the best to use.

Yya=—Yi12 (23) To perform the parameter uncertainty calculations versus fre-
Yo =Yi1 — Yiia. (24) quency, thes-parameter uncertainties must also be known. The

S-parameter uncertainties are mainly due to limited dynamic
The corresponding admittance parameter sensitivities are givegye and accuracy of the VNA and accuracy of the calibra-
Yitiy, Yiiay, tion standards used. Evaluation of the measurement uncertainty
Y, KS Y;.ll KS 1/1.12 . L g . .
98 — 2kl B (25) using verification standards has shown that the uncertainties

&=
Y“ Yos Yos achieved using a careful on-wafer thru-reflect line (TRL) cal-
K ZK;V;;H (26) ibration [12] are close to the ones specified for the VNA.
. K?‘“Y,; . Ksl 2y An empirical S-parameter _uncertain_ty model has therefore
Kgn = "g/ — — ‘;/ : (27) been developed for the relative magnitude and absolute phase
qu_ 12 )1 22
FoYae _ Kg, "Yii2 N Kg, Y2 28)

Sk T Y, Y. : 3D01PH GaAs MMIC Process, OMMIC. Limeil-Brevannes, France
s ds
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Fig. 2. Extractedy,, andR; versus frequency.
Fig. 4. Estimated relative uncertaintygn,, C,,, andR; versus frequency.

0.3 : , : : 0.3 . . : . .
¥ : A Specification @ 2 GHz pargmeters Wlth correspondmg estimated uncertglntles and their
0.25F - -+~ | — Model @ 2 GHz 10.25 optimal extraction frequencieg,,;. As can be seenin Table Ill,
v 0 Specification @ 40 GHz the uncertainty inR; prevents extraction of its value with any
02 . ‘ ,,,,, LRS-

— - Model @ 40 GHz loo confidence

0.15 Note that it may be necessary to perform a few iterations
to find the minimum uncertainty frequencies since the sensi-
tivity expressions—and, consequently, the parameter uncertain-

ties—are expressed in terms of the sought parameter values.
In existing methods, constant extraction frequencies are set

o
—

0.05

Relative magnitude uncertainty
Absolute phase uncertainty [rad]

00 0.2 0.4 0.6 0.8 10 for the parameters independent of bias. Since the minimum un-
§,, and §,, magnitude certainty frequencies will vary with bias, the presented method
gives inevitably more reliable multibias extraction results suit-
Fig. 3. Specified and modeled uncertaintySigy andSs2 . able for use in for example large-signal modeling.

Usually, to further reduce the parameter uncertainty, constant
uncertainties from the VNA specifications [13]. The model usgiiequency ranges are set for each model parameter over which

for S1; andSs, is given by the parameters are averaged [14]. This results in a tradeoff be-
tween averaging range and parameter uncertainty and requires
O1S11] = O/ 51100 = (1 + ekl(kg—lsll,n\)) (ks + kaf) detailed knowledge about the frequency dependence of the

(29) model parameters for the device under test.

wheref is the frequency anfl5;; 2»| the measured magnitude It is shown in the Appendix that, with knowledge of the

of S11 andSs,, respectively, and,, are model parameters. Theparameter uncertainties, a weighted average can be calculated

first factor accounts for th§-parameter magnitude dependenc@here more uncertain values are weighted less and vice versain

and the second factor the frequency dependence of the un@enay that the resulting uncertainty in the parameter estimation

tainty. A similar model is used for th;, andS,; uncertainties becomes minimal. Table Il shows the optimally averaged

with [S11,20] replaced bylB(|S12 21|) in the model. parameter values, the frequency range they were extracted from
Note that the VNA specifications are given asrst case and the resulting uncertainty.

which is usually taken as ar3confidence intervals is in this Even if more uncertain values are automatically assigned less
text used as a general notation, hereafter in fact denoting 3 weight, care should be taken to avoid clearly erroneous values.
The model and specification is shown fS§; and Se2 in  This is easily done by, for example, only considering frequen-
Fig. 3. Note that the relative magnitude and absolute phase gies wherer,, < 50%.
certainty specifications are coincident. As for any method, accurate parameter extraction relies on ac-
Using the uncertainty models together with the sensitivity egurate extraction of the parasitic elements and validity of the in-
pressions in Table Il makes it possible to evaluate the uncéiinsic model used. In this example, there is a slight slopg,of
tainty in the extracted model parameters for each measuremesrisus frequency making it difficult to tell which value is better
frequency and bias point of interest. Fig. 4 shows the calculat@e Fig. 2). This is probably caused by a small error in the par-
uncertainties fog,,,, R;, andC,; versus frequency in the sameasitic extraction. Averaging will then offset the value compared
bias point as used before. From this figure it is clear fhat to the single frequency extraction in Table Ill. This problem is
should be extracted at low frequencies while should be ex- common to all direct-extraction methods, but is reduced using
tracted at high frequencies where the parameter uncertaintytis presented weighted average where the more reliable values
minimal. Cy, has an intermediate optimal extraction frequencgre pronounced. Nevertheless, the resulting parameter uncer-
where the uncertainty is minimal. Table 1l shows all extracte@inty may be underestimated in such cases.
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TABLE Il
EXTRACTED MODEL PARAMETERS WITH UNCERTAINTY ESTIMATION
p ¢ Single frequency extraction Weighted average extraction
SAMCT | Value,x Gy (%] fou[GHz] | Value, X 0, (%] foin—Sar
R; 0.4 [Q] 380 40 04 [Q] 380 40
Cg_, 136 [fF] 3.6 18 136 [fF] 04 1-40
Rj 14 [Q] 73 40 14 [Q] 73 40
Cou 14.8 [fF] 1.4 6.3 14.7 [{F] 0.2 1-40
8ds 4.8 [mS] 5.6 1.0 4.75 [mS] 0.6 1-40
Cys 26 [fF] 8.3 37 25.2 [fF] 0.9 4 — 40
&m 93.6 [mS] 2.2 4.5 95.9 [mS] 0.2 1-40
T 0.38 [ps] 39 40 0.36 [ps] 5.8 27 — 40
_ 035 ; : ! - 035 :
Q — Model : -7 Q — Model
: 03 L _ Measurement P / / / .......... : 03 o Measurement .....................
g 0.25 : ' £ 0.25 ;
t T
[0] (0]
2 02 e 02
] 3
8 0.15 8 0.15
2 2
S 0.1 5 01
£ £
~0.05 —0.05
o : : : w' : : :
0 . . . 0 : ; ;
0 10 20 30 40 0 10 20 30 40
Frequency [GHz] Frequency [GHz]

(@) (b)

Fig. 5. Measurement uncertainty and model uncertainty for the magnitude 8f(and (b)S2; .

V. MODEL RESPONSEUNCERTAINTY tracted at different frequencies, which may not be the case when

The model parameter uncertainties, found in the previous SEUEragINg 1S applied. . L :
tion, result in a corresponding uncertainty in thiearameter The measurement uncertainty model and sensitivities used in
resp;onse when the model is used for simulation the previous section have been applied in (32) to calculate the

In (6), deviations in the model parameters are expressedu%ert"’.‘imy in the response of the model. The single-frequency
function of S-parameter deviations. If instead the model pararﬁ-)(tr""(:tlon in Table Il has been used.

eter deviations are given, the deviations in $hparameters can Fig. 5 shows the magnitude uncertainty § and Sy . It
be found from might seem counterintuitive that, f¢f;,|, the response from

the model gives lower uncertainty than the measurement it was
AS = KSAx (30) extracted from. This is caused by the gate capacitances in the in-
trinsic model topology used (see Fig. 1), which forces the input
whereK$ = (K¥)~!. Hence, analogous to (9), the uncertaintjo presentS;; = 1 at low frequency regardless of the measure-

in the simulated response is given by ment or any parameter value.
) S\2 o The magnitude of5;, on the other hand, has no such restric-
08,sim = (Kx)" 0 min (1)  tions and may take any value. The uncertainty in modgfed

wheres2 . is the previously calculated minimum variance inVill, therefore, inevitably be larger than in the measurement.
the extracted model parameters (see Table I1l). This expressidfl- 5 also shows that the gain of an amplifier design, using this
can be combined with (9) to express the simulated response fiedel extraction, could not be specified within less than 0.2 dB.

certainty directly in terms of the measurSeparameter uncer-

tainties, which yields V1. CONCLUSIONS
2 rox 2 An analytical derivation of the intrinsic FET model param-
ag,si’m = (K)S() ( S,min) U%,’meas' (32) Y p

eter sensitivities to variations in the extrinsic, measufega-

As before,(K)? denotes element-wise squaring of the indirameters was presented. Measurements on a commercial HEMT

vidual elements an&y . the model parameter sensitivitiesdevice have been used to illustrate how the sensitivity analysis,

evaluated at the frequéncies of least uncertainty. in combination with a measurement uncertainty model, can be
In these calculations, it has been assumed that the extraatedd to calculate the uncertainty in the extracted small-signal

parameters are uncorrelated. This is valid if each of them is arodel parameters. This makes optimal extraction of the model
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fgLaemf‘e' whereo? is the variance of the parameter at frequehcyor
ﬂ o2 to be minimized, the partial derivatives with respect to each
of the weighting factors should be zero

I-"g________‘m__,_ *n . agg
|
O,

n—1
Z — Quol — 202 I—Zwi =0 (A4)
=1

x
l 8wk
° : o,
: where (A2) has been used to eliminate tith term in (A3).
These equations can, after some manipulations, be arranged in
> a single matrix equation for the optimal weighting factors
Frequency
%t 0 - 0 -1
Fig. 6. Extracted parameter values with corresponding uncertainties versus | “» 2 wy 0
frequency. 0 g_; 0 -1 W3 0
o S (A5)
parameters possible without having any prior knowledge about 0 0 . o2 _, _'1 Wn 1 0
the device frequency characteristics. o5 Wy, 1
. 1 1 - 1 1
The resulting knowledge about the frequency dependence of - -
the parameter uncertainties also enabled a “smart” averaging
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